SUMMARY A microprocessor-controlled interferometer is described. The eyepiece of a conventionalJamin type interferometer has been replaced by an array of photocells which records the intensity across the interference pattern. Mathematical correlation procedures are used to locate the principal interference pattern maximum and, by sequential analysis of a fresh gas mixture followed by fresh gas plus vapour, it is possible to determine both oxygen and vapour concentrations. The instrument was used to analyse mixtures of oxygen and nitrous oxide and also oxygen, nitrous oxide plus halothane. It was found that the oxygen concentration could be determined to an accuracy of ±1 % v/v and the vapour concentration to ±0.1 % v/v. The instrument is suitable for monitoring concentrations delivered by an anaesthetic machine and may be included in a microprocessor-controlled anaesthetic machine.
of failure (preferably less than 0.001), that is, that a fault will arise during a typical working day of, say, 10 h.
Stability. Output drift should be less than, say, 25 % of the required intrinsic accuracy (see below) over the same period.
Response time should be minimized to less than, say, 15 s to form a safe warning of low oxygen content. Preferably, the response time should be a few seconds.
Accuracy should be adequate for clinical requirements, but should not be enhanced in preference to the first three criteria. We considered the clinically acceptable accuracy figures to be: oxygen±2% v/v; halothane etc. 0.1% v/v, at low concentration.
An investigation into methods of achieving 
METHODS OF ANALYSIS
The interferometric method of analysis, by detecting relative refracted indices of two gas samples is well established in anaesthesia [4] [5] [6] . Practical instruments differ in detail, but show the common principle that a beam of light from a single source is split by partial reflection/partial refraction on a glass plate or prism into two beams which are then recombined by a similar device ( fig. 1 ). If the optical path length of one light path differs from the other by a whole number of wave lengths of light, the two beams will be additive in brightness; if one path is half a wavelength from the other, then destructive interference will cause the brightness to decrease. By imposing a very small degree of non-parallelity between the beam splitters, an image in the form of dark lines on a bright background can be produced. By using a white light source, dispersion will result in one bright and two dark strips which can be easily distinguished from less distinct, and in any case coloured, lines on either side. These dark lines can therefore be used as an optical pointer, as in the Riken Refractometer [5] . If each beam is arranged to pass through a sampling cell, any difference of refracted index between the gases in the two cells will displace the lines, and this displacement, Ax, is proportional to the difference in refracted index A/i, according to the equation:
where L is the length of the cell, k is the wavelength of light and k is a constant depending on the geometry of the system. The major advantage of using the refractive index of gases and vapours as the analysis factor, is that each gas has a specific value and that these values are strictly additive in any mixture of gas and vapour (assuming that chemical reactions are not occurring).
The refractive power of a gas, /?, is related to its refractive index, /i, by the formula:
Values of y? or // are usually quoted at STP (273 °K, 101.3 kPa). /? is proportional to density and therefore, for a perfect gas at temperature 7\ and ambient pressure P 2 : P, 273
Anaesthetic vapours, in the concentration range used clinically, behave sufficiently like true gases for non-perfect gas errors to be ignored. Under these conditions, for a mixture of gases of partial pressures P x , P t , P 3 ..., with refractive powers, PisfittPf-t th e refractive power of the gas mixture, fi m , is related to the total gas pressure in the mixture, P m , by the formula: Table II shows the refractive powers of the common anaesthetic gases, together with the respirable gases.
Since anaesthetic machines usually define gas mixtures in terms of % v/v, equation (4) can be readily expressed in % v/v terms by remembering that, for gas 1, in the above mixture:
Pi _ % v/v gas 1 P~ 100
and the same relationship holds for every other gas in the mixture. Therefore, equation (4) can be expressed as:
..l (6)
Principle of automation In laboratory interferometers, the dark interference fringes are viewed through a microscope eyepiece either against a split image (Rayleigh) which is used as a zero against which movement can be measured, or against a transparent calibrated scale [4, 5] .
In our instrument, the movement of the fringes is detected electronically using a detector consisting of an array of photosensitive elements, such as photodiodes or change-coupled devices. The photosensitive material is subdivided into 256 elements (referred to as pixels) at 25-(im centres (arrays of 128 pixels may also be used for certain applications requiring less sensitivity). Each pixel is electrically independent of the others. The dark interference fringe results in a low signal output from the pixels on which it falls, and bright interference areas give high pixel outputs. Figure 2 compares the usual optical image, as seen by the eye, with the electrical intensity image, as seen by the photosensitive array. The output of each individual pixel can be treated as a digital signal and the whole array of pixels can be scanned on a short-time base.
The electronic arrangement is illustrated in figure 3 , which shows an array of photosensitive elements which are controlled by a timing circuit. The timing circuit produces a train of 256 pulses at 150-ns intervals, to clock data out from the array as a series of analogue pulses. The intensity of each pulse depends on the intensity of light falling on its respective photodiode. Each pulse is amplified and held by a fast peak detector, or sample-and-hold circuit, which is also controlled by the timing circuit. Whilst the peak value is held between the clock pulses, an analogue-to-digital converter circuit converts it to a digital indication. Thus the intensity pattern is converted into a series of 256 numbers. These digital values are read into and stored by a microprocessor, which also performs all of the calculating functions and controls the lamp.
Principle of measurement
If the relative position of the principal maximum ( fig. 2) is measured with pure oxygen in the sample cell, its digital signal is recorded as "0" in a microprocessor, and the equivalent position with pure nitrous oxide in the cell is recorded as equivalent to nitrous oxide-oxygen = 225 units of refracted power (at 20 °C), the instrument is calibrated to read in terms of per cent nitrous oxide. A linear relationship then holds for all other oxygen-nitrous oxide gas mixtures, because of the linearity of the refractive power relationship. The interference pattern can be adjusted by optical means, so that when it is imaged on the array of photosensitive elements the distance between two peaks corresponds to a sufficient number of pixels, typically 10-20, to provide fine resolution. The sensitivity of the instrument (deflection for unit change in concentration) is determined by the optical path length of the sample cell. It is also necessary to select the length of the array so that all anticipated movements of the intensity pattern can be detected within it. Mathematical correlation procedures enabled the geometric position of the principal maximum to be located by the microprocessor to an accuracy of 0.1 pixels.
From standard tables, the refractive powers of the anaesthetic agents are held in the microprocessor relating the relative shifts produced by 1 % v/v of these agents, in a particular carrier gas, to that of 100% nitrous oxide.
Taking halothane as a typical example, and taking the distance between two peaks as approximately 20 pixels, with a 1-cm cell length, each fringe will represent about 4 % v/v of halothane in oxygen. Therefore, one pixel is approximately 0.25% v/v halothane. By using the calculating power of the microprocessor to estimate the centroid of the area under the principal peak, it is possible to estimate the peak of 0.1 of a pixel, so giving an instrument resolution considerably better than 0.1 % v/v. Similarly, a 1 % v/v resolution of nitrous oxide in oxygen-nitrous oxide gas mixtures is possible.
GAS SAMPLING
The gas sampling system is shown schematically in figure 4 . The gases are sampled sequentially through the valve and pump arrangement. The microprocessor software controls the valve timings to allow the sample cell to fill with the gas of interest. After each gas has been introduced to the sample cell the pressure is allowed to equilibrate with atmosphere via V5, then the peak of the intensity pattern is calculated and stored.
Pure oxygen is sampled first via valve VI. This gives a zero position and, therefore, helps to compensate for any overall shift in fringe position as a result of mechanical or temperature-related effects. On the initial start up and at approximately 20-min intervals, this is followed by a calibration cycle where 100% v/v nitrous oxide is sampled via the other port of VI. A microcomputercontrolled gas mixing system [1] produces the oxygen-nitrous oxide gas mixture which is sampled via the electromagnetic solenoid valve V2 next. Finally, the interferometer samples, via V4, the complete mixture of oxygen, nitrous oxide and vapour as supplied by the gas mixer-vaporizer system. Solenoid valve V3 is used as a means of isolating the gas supplies from VI and V2 from the cell. After all the samples have been taken and the microprocessor has stored the peak positions, the calculations are performed. The difference between the peak positions from pure oxygen and nitrous oxide is used as a calibration factor, and verification is also made that it lies within certain predetermined limits. Next, the difference between the peak positions for pure oxygen and the oxygen-nitrous oxide mixture is used to calculate the nitrous oxide concentration and, hence, to deduce the oxygen concentration. Finally, the difference between the last two positions can be used to calculate the vapour concentration. The particular vapour in use is identified by the operator via a manual input control to the microprocessor. The measured oxygen and vapour concentrations are then displayed on die front panel of the instrument.
It is fortuitous that the shifts in interference pattern for gas and vapour concentrations in common anaesthetic practice (namely 70% nitrous oxide, and less than 5 % halodiane) make analysis of both nitrous oxide and vapour possible with the required degree of accuracy. The fringe shift produced by 5 % halothane is approximately equal to that produced by 30% nitrous oxide. This means that, if the nitrous oxide concentration can be read to an accuracy of 1 % v/v, then the accuracy obtainable for vapour will be 0.15 % v/v. It is, therefore, necessary to obtain a slightly greater accuracy on the nitrous oxide measurement in order to be able to read vapour concentration to 0.1 % v/v. The refractive powers of the other agents in common use (eg. isoflurane and enflurane) are of the same order (table II), so that this applies to them also.
The output of gas from the pump may be diverted to atmosphere or a scavenging system, or returned to the patient circuit as shown in figure  4 .
EVALUATION

Stability and repeatability
The stability and repeatability of the system were verified over prolonged periods using air, 100% oxygen, 50% v/v oxygen-nitrous oxide and 100% nitrous oxide. The readings were determined in units of pixel numbers and were recorded every 14 s for periods of up to 14 h. Both the absolute values of the pixel numbers and the differences between successive readings were taken.
Linearity and accuracy
The linearity of the system was confirmed using mixtures of oxygen and nitrous oxide supplied by a Wosthoff gas mixing pump (type SA18/F). These mixtures were supplied to solenoid valves V2 and V4 whilst 100% oxygen was fed into solenoid valve VI. An average of 30 readings was taken and the maximum, minimum and standard deviation were recorded. The standard deviation gave a measure of the precision with which it was possible to measure nitrous oxide concentration. A graph of pixel shift against nitrous oxide concentration was plotted. The gradient of this line gave a measure of the sensitivity of the instrument to nitrous oxide in oxygen. Verification of the linearity and sensitivity for different mixtures was made by supplying halothane in oxygen via solenoid valve V4 with pure oxygen supplied via valves VI and V2, and then supplying halothane in nitrous oxide on V4 with oxygen on VI and nitrous oxide on V2. The halothane was supplied by a conventional Abingdon anaesthetic vaporizer (Penlon, Ltd) and it was, therefore, impossible to maintain a completely constant concentration over the period of measurement. The concentration was monitored using a mass spectrometer (Centronic, MGA200) and the average value was used when plotting mean pixel shift (over 20 readings) against halothane concentration. The gradients of these two lines gave the sensitivity of the instrument to mixtures of halothane in oxygen or nitrous oxide. A check was then made to ensure that the relative sensitivities were in the proportions predicted in the Appendix.
Response time
The response time of the system depends on the volume of the tubing, the time for the pressure in the cell to reach a value equal to atmospheric pressure, and the time for the microprocessor to calculate the concentration values. The times were optimized by using a mass spectrometer to analyse the sample emerging from the pump and adjusting the times as necessary to ensure that readings were taken just after the cell and tubing were completely flushed by the gas of interest. Figure 5 shows how the position of the peak of the intensity pattern varied with time when air
RESULTS
Stability and repeatability
was being sampled over a 14-h period, x, y and z are the absolute values of the peak positions when sampling via VI, V2 and V4, respectively. Figure  5 also shows the difference between y and x, and z and x; these are the values used by the microprocessor in calculating the gas concentrations. The absolute value of the peak position varies from pixel number 12.27 to 23.1; however, the maximum value of the difference varies from -0.24 to +0.28, with a mean of 0.000 and a standard deviation of 0.065. Figure 6 shows how the position of the peak of the intensity pattern varies when oxygen is sampled through VI, 50% v/v oxygen-nitrous oxide is sampled through V2 and pure nitrous oxide is sampled through V4. The mean of the difference in pixel numbers is 57.9 for the 50% mixture, and the mean of the difference between pure nitrous oxide and the 50% mixture is 58.5. The standard deviations are 0.179 and 0.106, respectively. 
Linearity and accuracy
Response time
The time taken for the system to update the halothane and oxygen concentrations was 14 s and this is the "response time" of the instrument. values of the pixel numbers for the peaks, and then performs the calculations. Table III shows the means and standard deviations of the values of pixel shift for oxygennitrous oxide mixtures, together with the difference between the measured value and the value predicted from the best fit line shown in figure 7 . This shows that the instrument gave results which were repeatable and stable to 0.1 pixel, corresponding to 0.12% v/v for nitrous oxide and 0.02 % v/v halothane. If an error of this magnitude were to occur on all readings, both gas and vapour could be read to the required degree of accuracy. In most cases the accuracy will be even greater. Figure 8 shows inaccuracies in the vapour concentrations apparently greater than the required values. However, this was caused by the difficulty in obtaining a constant output from a standard vaporizer and the need to use an average value of vapour concentration. It is required that the instrument should read nitrous oxide to an accuracy of 1 %, and halothane to an accuracy of 0.1%. The instrument complies with these requirements and, in the majority of cases, should be capable of an even higher degree of accuracy. It would, in theory, be possible to use a handheld interferometer for sequential analysis of emphasizes the importance of using a sample of 100% oxygen to provide the zero position. This analyser is not, in its present form, capable of analysing an unknown mixture such as that in an anaesthetic rebreathing system. However, it can be used as a secondary standard to check the calibration of in-line analysers of a less stable, but more specific, nature and will be used in this way (British Patent Application no. 8415670) [7] in the development of the new microcomputer controlled anaesthetic machine, of which this instrument forms but a part [3] .
DISCUSSION
APPENDIX
The shift in the interference pattern produced by 1 % of gas 2 in gas 1 compared with gas 1 alone is given by:
oxygen-nitrous oxide mixtures and oxygennitrous oxide-vapour mixtures. However, the complexity of the calculations involved would make this unsuitable for use in an operating theatre. Diprose and Redman [6] described an automatic interferometer for analysis of vapour only. This instrument used a pair of photocells in the beam and compensating optics driven by a moving coil or, alternatively, a stepper motor. The compensation was used to centre one of the dark fringes between the two photocells. There are several disadvantages to this method. One is the use of moving parts which could wear. Also, if one of the photocells were to fail, the whole system would fail. Finally, it was found that, on occasions, the wrong fringe was detected. Our system has the advantage of containing no moving parts, being insensitive to the failure of one photocell because of the correlation procedures used, and reliably detecting the peak position.
The automated interferometer described in this paper is a stable, reliable and accurate analyser which can be used to analyse complex gas and vapour mixtures, provided the nature of the components is denned and they are added and measured one at a time. It is, therefore, ideal for analysis during the production of clinical and laboratory gas mixtures, as in the fresh gas system of an anaesthetic machine. Figure 5 shows that there can be a large drift in the absolute position of the peak with time even when the pump is sampling room air. This 
